Introduction
Nitrogen is an essential element for plant growth (Marschner 1995) . Nitrogen is supplied as a fertilizer to the plant.
Nitrogen fertilizer is a limited resource because its synthesis requires a vast amount of fossil fuels. Therefore, it is important to understand the underlying mechanism of nitrogen transport and metabolism in a plant (Lea and Azevedo 2006) . There are two primary components of nitrogen use efficiency, which are referred to as "uptake efficiency" and "usage efficiency" (Good et al. 2004) .
In this work, nitrogen use efficiency was evaluated by considering uptake of isotope labeled nitrogen compound and by calculating usage index (Good et Nitrogen is an essential element for plant growth. Development of the root system architecture is highly correlated with nitrogen availability from the environment. Recent studies show that auxin response modules are involved in nitrate-dependent lateral root growth. However, the role of auxin in nitrogen metabolism remains to be elucidated.
Few researchers have addressed the effect of auxin signaling modules on the use of ammonium for nutrition. The purpose of this study was to describe and examine the relation between auxin signaling modules and ammonium for nutrition. The growth of T-DNA insertion lines for auxin signaling modules was compared with that of a wild type under different nitrogen regimes. Nitrogen use efficiency consists of two components: metabolism and uptake.
The nitrogen usage index was calculated following elemental analysis to evaluate nitrogen metabolism. Isotopelabeled ammonium uptake was measured under nitrogen-deficient and -sufficient conditions. Transcriptional levels and accumulation of enzymes necessary for primary ammonium assimilation, glutamine synthetase, and glutamate synthase were evaluated. One of the T-DNA insertion lines for the auxin signaling module, IAA17, showed severe growth reduction in hydroponic solution containing ammonium as a major nitrogen source. The accumulation of cytosolic glutamine synthetase was reduced in the roots of iaa17. The expression of cytosolic glutamine synthetase 1;2 in iaa17 did not respond to ammonium supply. Here we showed that the auxin signaling module has an effect on ammonium use by regulating the transcriptional level of cytosolic glutamine synthetase 1;2 in the root, the gene essential for ammonium assimilation. the root system architecture in a plant (Lavenus et al. 2013 , Ma et al. 2014 ).
The auxin response module consists of several components, including Aux/ set of (1) dry weights, (2) carbon and nitrogen contents, (3) ammonium uptake, and (4) protein and mRNA contents of ammonium assimilatory genes in T-DNA insertion lines for Aux/IAA and ARF with a wild type using hydroponic culture.
Materials and Methods

Plant material
Insertion lines were purchased from the Arabidopsis thaliana T-DNA insertion mutant collection at the Arabidopsis Biological Resource Centre (ABRC), arf7, arf8, arf11, arf13, arf15, arf16, arf21, and arf22 (Okushima et al. 2005) and iaa4, iaa6, iaa8, iaa9, iaa11, iaa12, iaa14, iaa17-5, iaa17-6, iaa19, and iaa31 (Overvoorde et al. 2005 ).
The ammonium transporter quadruple knockout line has been previously reported (Yuan et al. 2007 ). Arabidopsis thaliana Columbia was used as the wild type.
Hydroponics
Arabidopsis (Arabidopsis thaliana Col-0) seeds were sown on moistened rock wool in half-cut 1.5-mL tubes. Tubes were set in a Styrofoam plate and floated on water in a plastic container. Plants were grown for 3 days in the dark. The seedlings were thinned and transferred to a nutrient solution and cultured as previously reported (Konishi et al. 2016) .
Quantitative real-time PCR
Total RNA was extracted from plant samples frozen in liquid nitrogen using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Reverse transcription and DNase treatment were performed using a PrimeScript RT reagent kit with a gDNA Eraser (Takara Bio Inc., Otsu, Shiga, Japan) with 300 ng of total RNA in a 20 µL final volume. Quantitative realtime PCR analysis was conducted using gene-specific primers for NADH-GOGAT, Fd-GOGAT1, and Fd-GOGAT2 (Konishi et al. 2014) and GLN1; 1, GLN1; 2, GLN1; 3, and GLN2 (Ishiyama et al. 2004 ). Gene-specific primers for IAA17 were as follows: IAA17 cds realtimeF01 (5′-GCTTTCTAATGCTTGTCCAAC-3′) a n d I A A 1 7 c d s r e a l t i m e R 0 3 (5′-AACGCTTGCATGTATCGACG-3′).
The PCR products were quantified on optical 96-well plates, using a LightCycler 480 (Roche Diagnostics KK, Tokyo, Japan). Ubiquitin (UBQ2) was used as a reference gene to standardize the signal intensity, according to the method used by Ishiyama et al. (2004) .
Element analysis and nitrogen usage index (UI)
The amount of carbon and nitrogen in samples was determined by the Flash 2000 Elemental Analyzer (Thermo Fisher Scientific KK, Yokohama, Japan), similar to that used in a previous study (Konishi et al. 2016) . After milling, 0.95-1.05 mg of powdered samples were used. Nitrogen UI was calculated based on a method used by Siddiqi and Glass (1981) . 
Protein gel blot analysis
The protein extraction for GS was performed as per the method followed by Hayakawa et al. (1990) . Western blot analysis for GS, with anti-GS antibody, was performed according to the method followed Ishiyama et al. (2004) . The protein extraction for GOGAT was conducted according to the method followed by Ishiyama et al. (1998) .
Western blot analysis for GOGAT was performed following the method of Hayakawa et al. (1993) . 
Results
T-DNA insertion line for IAA17
showed a reduction in biomass in
ammonium nutrient
The plant nitrogen status influences t h e a u x i n c o n t e n t . Second, the dry weight of both insertion lines for IAA17 was lower than that of the wild type under ammonium-supplied conditions (Fig. 2b) ; it was decreased by 29%-38% in the shoot and by 36%-42%
in the root. However, under the nitratesupplied conditions, the dry weight of iaa17-5 was not significantly different from that of the wild type, whereas that of iaa17-6 was decreased by 49% in the shoot and by 58% in the root (Fig. 2b) .
Because previous studies have indicated 3). Figure 3 shows that growth reduction in the insertion line for IAA17 is alleviated by a lower ammonium supply. Neither iaa14 nor arf8 showed a significant difference in the dry weight from the wild type under both higher and lower ammonium supply (Fig. 3a) . Although there was no significant difference in the dry weight of the shoot between the wild type and iaa17-6 under 0.1 mM ammonium supply, the dry weight of iaa17-6 was decreased by 33% in the root (Fig. 3) . The dry weight of iaa17-6 was reduced by 41% in the shoot and by 49%
in root under 1 mM ammonium conditions (Fig. 3) . The dry weight of qko was decreased by 40% in the root and shoot under 0.1 mM ammonium conditions, and it was reduced by 35% only in the shoot under 1 mM ammonium conditions ( (Fig. 2a) . The expression of IAA17 in iaa17-5 was decreased by 60% in the shoot and by 80% in the root, whereas that in iaa17-6 was decreased by 99% in the shoot and by 97% in the root (Fig. 2a) .
Figure 2. Growth of T-DNA insertion lines for IAA17 in hydroponic solution containing nitrate or ammonium (a) Quantitative real-time PCR analysis of root RNA from wild type (filled columns) and iaa17-5 (dark gray columns) and iaa17-6 (light gray columns) using gene-specific primer sets for IAA17. Bars indicate the mean signal intensity of the IAA17 in shoot or in root ± standard deviation (SD) (n = 6). (b) Growth of the wild type in hydroponic solutions containing either 1 mM NH 4 + or 1 mM NO 3 − as the major nitrogen source supplemented with 10 μM nitrate for 6 weeks. Bars indicate the mean dry weight of the shoot or root ± standard deviation (SD) (n = 6). Significant differences between wild type and mutant, identified by the Student's t-test, are marked with asterisks: **P < 0.01, ***P < 0.005. (Fig. 4a) . The carbon content in the wild type was approximately 60% in shoots under 1 mM ammonium supply and a higher ammonium supply decreased it to 50% (Fig. 4b) . The carbon content in wild type roots was not changed by ammonium supply (Fig. 4b) . UI for nitrogen was calculated by nitrogen content and dry weight (Siddiqi and Glass 1981). UI of the wild type under 0.1 mM ammonium supply was higher than that under 1 mM ammonium supply (Fig. 4c) .
UI of iaa17-6 was slightly lower than that of the wild type in the roots under 0.1 mM ammonium supply, and it was obviously lower than that of the wild type under 1 mM ammonium supply (Fig.   4c ). UI of qko was lower under 0.1 mM ammonium supply. Conversely, there was no significant difference with the wild type under 1 mM ammonium supply (Fig.   4c ). Figure 5 summarizes the 15 N-labeled ammonium influx under nitrogensufficient and -deficient conditions.
Ammonium influx at 0.2 mM ammonium supply in the wild type under nitrogendeficient conditions was three-fold higher than that under nitrogen-sufficient conditions (Fig. 5) . Neither 0.2 nor 2 mM ammonium supply showed a significant difference in ammonium uptake between the wild type and iaa17-6 under nitrogendeficient conditions (Fig. 5b) ; however, ammonium uptake in iaa17-6 was significantly higher than that in the wild type under nitrogen-sufficient conditions (Fig. 5a ). Ammonium uptake of qko was 
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always lower than that of the wild type (Fig. 5) . 2 mM NH 4 NO 3 conditions. GLN2 was expressed at high levels in the shoot, but at low levels in the root (Fig. 6a) .
Ammonium-responsive expression of GLN1;2 was dependent on IAA17
B e c a u s e a d e c r e a s e i n n i t r o
The expression of GLN1;2 and GLN2
in the roots of iaa17-6 was significantly lower than that of the wild type ( Fig.   6a ), whereas there was no difference in expression of GLN1;2 and GLN2 in the shoot between the wild type and iaa17-6.
The expression of GLN1;2 was decreased and qko (open column). Plants were grown in a hydroponic culture solution containing either 0.1 or 1 mM NH 4 + for 6 weeks. (c) UI was calculated based on the following formula: UI = Dw × (Dw ÷ N), where Dw is dry weight and N is nitrogen in organs. B a r s i n d i c a t e m e a n s ± s t a n d a r d deviation (SD) (n = 6). One-way analysis of variance (ANOVA) followed by Bonferroni tests were used, and significant differences at P < 0.05 within each group are indicated by different letters. for IAA17 (Figs. 1-3) . The insertion line for IAA17 inhibited ammonium metabolism (Fig. 4) but did not reduce the ammonium uptake in the root (Fig. 5) .
by 25% in iaa17-6 (Fig. 6a) . There was no significant difference in the expression of GLN1;1 and GLN1;3 between the wild type and iaa17-6 (Fig. 6a) . Protein gel blot analysis showed that GS2 protein was highly accumulated only in the shoot ( Fig.   6b and 6c ), whereas GS1 protein was accumulated in the shoot and root ( Fig.   6b and 6c ). There was no difference in the accumulation of GS in the shoot between the wild type and iaa17-6 (Fig. 6b); however, in the root, the accumulation of GS1 showed a marked reduction in iaa17-6 compared with the wild type (Fig. 6c) . The expression of GLU1 was high in the shoot, whereas it was almost not expressed in the root (Fig. 6d) . GLT1
was expressed both in the shoot and root (Fig. 6d) . The expression of GLU2 was low in the shoot and root (Fig. 6d) .
The expression of GLU1 in iaa17-6 was lower than that in the wild type (Fig. 6d) .
However, there was no difference in the accumulation of Fd-GOGAT in the shoot between the wild type and iaa17-6 (Fig.   6e ). in the wild type sharply increased after ammonium supply; it was highest at 6 h after ammonium supply (Fig. 7b) and then it decreased. The expression of GLN1;2 in iaa17-6 did not respond to the ammonium s upply, and it maintained s imilar transcriptional levels during ammonium supply (Fig. 7b) . The T-DNA insertion line for GLN1;2 did not express GLN1;2 (Fig. 7b) . 15 N-labeled ammonium uptake in wild type, iaa17-6, and qko Uptake of 15 N-labeled ammonium into the roots of Col-0 (filled column), iaa17-6 (gray column), and qko (open column). Plants were grown in a hydroponic solution containing 2 mM NH 4 NO 3 for 6 weeks, after which they were transferred to a solution containing either 2 mM NH 4 NO 3 (a) or no nitrogen (b) for 3 days.
Discussion
15 N-labeled ammonium was supplied at either 0.2 or 2 mM. Bars indicate means ± standard deviation (SD). Individual root samples were taken from six plants. Our study provides two possibilities:
(1) GLN1;2 dependent ammonium use might be regulated by IAA17 dependent Future studies should focus on lateral root Figure 6 . mRNA expression and accumulation of the genes related to ammonium use Plants were grown in a hydroponic solution containing 2 mM NH 4 NO 3 for 6 weeks. Transcriptional levels of glutamine synthetase (a; GLN1;1, GLN1;2, GLN1;3, and GLN2) and glutamate synthase [d; GLU1, GLU2, GLT1 , and NADH-glutamine oxoglutarate aminotransferase (NADH-GOGAT)] were determined with qPCR. Bars indicate the relative signal intensity of the genes in either shoot or root ± standard deviation (SD) (n = 6). Significant differences between wild type and mutant, identified by the Student's t-test, are marked with asterisks: *P < 0.05. The accumulation of GS (b and c) and GOGAT (e) were determined using protein gel blot analysis. Antibodies raised against recombinant rice GS1 (b, for shoot sample and c, for root sample) and antibodies raised against rice Fd-GOGAT (e, for shoot sample), were used for staining. GLN1;2 relative signal intensity Figure 7 . Ammonium-responsive expression of root GLN1;2 in wild type and T-DNA insertion line for IAA17 and GLN1;2 (a) Plants were grown in hydroponic solution containing 2 mM NH 4 NO 3 for 6 weeks. The transcriptional levels of GLN1;2 in wild-type (opened column), iaa17-5 (dark gray column) and iaa17-6 (light gray column) were determined by qPCR. Bars indicate means ± standard deviation (SD) (n = 4 plants).
(b) Plants were grown in hydroponic solution containing 2 mM NH 4 NO 3 for 6 weeks, following which they were transferred to a solution containing no nitrogen for 3 days, and were then transferred to a solution containing 1 mM NH 4 Cl. After transfer to the ammonium solution, the roots were sequentially harvested at 0, 3, 6, 9, and 12 h. The transcriptional level of GLN1;2 was determined by qPCR. Spots indicate means ± standard deviation (SD) (n = 6 plants). 
